We demonstrate the formation of metastable Néel-type Skyrmions in Pt/Co/Ni/Ir multi-layers at remanence through ex situ application of an in-plane magnetic field using Lorentz transmission electron microscopy (TEM). The resultant Skyrmion texture is found to depend on both the strength and misorientation of the applied field as well as the interfacial Dzyaloshinskii-Moriya interaction (DMI). To demonstrate the importance of the applied field angle, we leverage bend contours in the TEM specimens which coincide with transition regions between Skyrmion and labyrinth patterns. Subsequent application of a perpendicular magnetic field near the bent regions leads to the unusual situation where Néel Skyrmions with opposite magnetic polarities are stabilized in close proximity. Our results are discussed in the context of a critical saturation field, H * K , for destabilizing magnetic stripe patterns -a theory previously applied to uniaxial bubble materials. The significant interfacial DMI in our samples is expected to reduce H * K and also suppress the driving force for Skyrmions to coalesce back into a labyrinth pattern. DOI: Secondary publications and information retrieval purposes.
Magnetic Skyrmions have garnered a great deal of attention since their discovery [1] [2] [3] [4] [5] . Properties such as topological protection, small size, and the high efficiency by which they can be manipulated with electric current make them promising candidates for use in future spintronic devices. Skyrmions with deterministic chirality are stabilized by the Dzyaloshinskii-Moriya interaction (DMI) which can be found in bulk magnetic materials lacking crystallographic inversion symmetry or in heavy metal/ferromagnet interfaces with large spin orbit coupling where z-mirror symmetry is also broken [6] [7] [8] . Generally, Skyrmions found in bulk materials have a Bloch-type configuration whereas those found in magnetic multi-layers have a Néel-type configuration consistent with C ∞v symmetry [9] . In thin films, the application of a perpendicular field is generally required to stabilize Skyrmions, which evolve reversibly from a labyrinth domain pattern as the field is increased [10] .
In addition to understanding properties supporting their formation and controlling their size/mobility, methods for increasing the Skyrmion density have also been investigated [2, 11] . Increased Skyrmion density in thin films has been attributed to maximizing a critical parameter, κ = πD/4 √ AK eff where D is DMI strength, which normalizes the reduction in the domain wall (DW) energy due to the DMI by the standard Bloch wall energy. Here, A is exchange stiffness, and K eff is the effective magnetic anisotropy [12] . Previous works have demonstrated that temperature and in-plane fields assist in the formation of Skyrmions. However, a perpendicular magnetic field was still required to prevent them from relaxing back into a labyrinth structure [11, 13] . Field-free * mpli@andrew.cmu.edu.
Skyrmions have also been achieved through the application of voltage pulses, electric current pulses, or complex sample architecture [14] [15] [16] [17] .
Historical work on uniaxial bubble materials considered the role of in-plane magnetic fields for breaking up labyrinth domain patterns, which we leverage to address open questions about the possible role of DMI in this process and its impact on Skyrmion size and stability [18] [19] [20] . Here we study the formation of metstable Skyrmion arrays at remanence after application of an ex situ in-plane magnetic field. To vary important material parameters such as thickness, magnetic anisotropy, and DMI strength, we use a tunable asymmetric superlattice based on [Pt/(Co/Ni) M /Ir] N , where M and N can be independently varied [21] . The magnetic texture of these multi-layers is examined over a range of in-plane magnetic field magnitudes. Observations are compared to recent results on metastable Skyrmions and discussed using the framework of a critical field, H * K , where stripe domain patterns become unstable.
Multi-layers of [Pt(0.5nm)/(Co(0.2nm/Ni(0.6nm) M / Ir(0.5nm] N were deposited onto 10 nm thick amorphous Si 3 N 4 membranes via magnetron sputtering in an Ar environment with a working pressure of 2.5 mTorr and base pressure of < 3.0 × 10 −7 Torr. An adhesion/seed layer of Ta(3nm)/Pt(3nm) and a Ta(3nm) cap are present in all films. Alternating gradient field magnetometry (AGFM) and vibrating sample magnetometry (VSM) were used to measure magnetic properties (M S , K eff , H K ). M-H loops confirm perpendicular magnetic anisotropy (PMA) in these multi-layers ( Fig. 1 ) with minimal variation in H K between samples. Although we find a monotonic increase of K eff with increased M , the observed H K values from these films remain very similar. Broadband FMR spectroscopy was used to probe dynamic behavior and provides a more accurate measurement of the uniaxial magnetocrystalline anisotropy, K u [22] . Fresnel-mode LTEM images of [Pt/(Co/Ni) M /Ir] N multi-layers were captured with an aberration-corrected FEI Titan G2 80-300 operated in Lorentz mode at room temperature. In this technique, magnetic contrast is formed out-of-focus by deflections of the electron beam via the magnetic induction of the sample [23] .
In the remnant state after perpendicular saturation for all samples investigated, magnetic contrast depicting a labyrinth domain structure is only observed with the application of sample tilt (Fig. 2) . This indicates the presence of Néel walls and thus an appreciable interfacial DMI to stabilize them, which is expected based on direct measurements of DMI in this system [24] . We now examine conventional Skyrmion formation through application a perpendicular magnetic field in situ by exciting the objective lens of the TEM. In a majority of these samples, instead of forming Skyrmions, long wormlike domains form before annihilating at sufficiently large fields ( Fig. 3 d-f ); it is only in samples with large N , such as M = 2, N = 20, that Skyrmions are observed to form in such a manner (Fig. 3 a-c) . This process is largely reversible as the labyrinth state is recovered after the field is removed.
Next, various strengths of in-plane magnetic fields are applied to these samples ex situ before their remnant states are imaged with LTEM. Each sample was perpendicularly saturated and returned to remanence before inplane fields were applied. Fresnel mode images reveal 100-200 nm diameter Skyrmion arrays following the application of a 1.3 T field (Fig. 4) . These arrays were also observed in samples that did not form Skyrmions through the prior application of a perpendicular magnetic field. For the case of a 0.5 T field, which is well-below the in-plane saturation field, Fresnel mode images began to reveal the presence of stripe domains, mixed in with Skyrmions in some cases (Fig. 4) . The domain widths of these stripe domains are observed to be smaller than those of labyrinth domains in the demagnetized state and are comparable to those of field-free Skyrmions. The observed Skyrmion size from these micrographs did not appear to be correlated with H applied beyond a critical value, but were observed to decrease monotonically with decreasing M (i.e. increasing DMI); plots depicting observed Skyrmion density and size with respect to M can be found in the supplemental information [22] . Moreover, we note a significantly narrower size distribution for the case of larger DMI. Further decreasing the applied field strengths reveal labyrinth domain structures at remnance [22] .
In comparing our observations with other works, it was postulated by Zhang, et al. that disruption of K eff would support, and even enhance, the formation of Skyrmions [11, 13] . However, this does not describe the mechanism by which these Skyrmion arrays form and remain in the remnant state, nor does it explain why these arrays appear to require a sufficiently large applied field to form. Interestingly, the formation of field-free bubble arrays through the application of in-plane magnetic fields had been examined in garnet films for bubble memory applications [18] [19] [20] . Shimada found that stripe domains form bubble arrays in the remnant state with the application of an in-plane magnetic field due to the reduction of DW energy and consequent pinching to form bubble domains before they saturated [20] . The resultant metastable bubble domain formation is akin to grain coarsening or coalescence of soap bubbles, where growth rapidly decreases as the smallest features are absorbed into larger ones [25, 26] . In our case, we speculate that a combination of the energy barrier preventing annihilation of 360 • transitions between Skyrmions and pinning associated with our polycrystalline thin film microstructure counteract the driving force for the magnetic texture to return to a labyrinth ground state. In general, the periodicity of the bubble arrays and critical field for breaking of the stripe pattern, H * K , have a complicated dependence on the DW, Zeeman, and magnetostatic energy of the system. However, it has been observed unequivocally that there is a strong angle dependence of the applied field with respect to the easy-axis of the film in the formation of these arrays [18] [19] [20] .
To test the role of a misaligned in-plane magnetic field in our samples, we leverage bend contours associated with the TEM membranes. Fallon, et al. have found that the flexible membrane can tilt as much as 15 • [27] , which is consistent with our observations. Throughout each sample, transition regions between a labyrinth domain structure and a Skyrmion array (noted by red lines in Fig. 5 ) were observed at the location of bends in the specimen. Although it would otherwise be reasonable to speculate that this magnetic texture could results from magnetoelastic effects, the analyses provided by Shimada make clear that the origin is actually due to variations in the applied field angle with [20] . The regions that retain a labyrinth pattern are those which were significantly offset from the applied field direction. Subsequent in situ application of a perpendicular magnetic field at these labyrinth regions did not lead to the formation of Skyrmions at remanence despite being surrounded by Skyrmion arrays (Fig. 5 ). If the domain pattern of ( Fig.  5a ) is examined during in situ application of a perpendicular magnetic field, we find the unusual circumstance where Skyrmions of both polarities exist (i.e. the magnetization at their cores point in opposite directions) in close proximity. This is because the labyrinth regions enter the conventional transition to Skyrmions while the metastable Skyrmion arrays have not yet begun grown. In summary, metastable Skyrmion arrays ranging from 100-200 nm were observed at the remnant state in [Pt/(Co/Ni) M /Ir] N multi-layers after ex situ application of a large in-plane magnetic field -an approach adopted from prior work on bubble materials [20] . The Skyrmion size was not strongly correlated to the strength of the field applied beyond a critical value, but it was inversely related to the interfacial DMI. The metastability of these arrays likely originates from a combination of the DMIreduced wall energy, which suppresses the driving force for coarsening, and the energy barrier associated with annihilation of 360 • transitions. We also speculate that intrinsic pinning of the polycrystalline microstructure contributes. The origin of phase-like transitions between labyrinths and skyrmion arrays throughout bent specimen membranes is confirmed to originate from variations in the applied field angle with respect to the film plane rather than magnetoelastic effects. This method of forming dense, field-free Skyrmion arrays, coupled with our highly tunable Pt/Co/Ni/Ir system, offers a means of investigating Skyrmions out of equilibrium for future development of spintronic devices. number D18AP00011. The authors also acknowledge use of the Materials Characterization Facility at Carnegie Mellon University supported by grant MCF-677785.
